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Abstract

ThinkerToy is a graphical environment for modeling decision support problems. It
provides a tableau on which such problems as landscape planning, service scheduling,
and statistical analysis can be modeled and analyzed. Normally, complex mathemat-
ical and statistical modeling techniques are needed to perform meaningful analysis.
ThinkerToy uses graphical icons with concrete physical properties to replace mathe-
matical relationships and properties. The key construct in this methodology is the
ManiplIcon: an icon which is not just a pictorial representation, but also a semantic
tool for building models which homorphically represent semi-structured problems.

*This work was supported by the Air Force Systems Command, Rome Air Development Center, Griffiss Air Force
Base, New York 13441-5700, and the Air Force Office of Scientific Research, Bolling AFB, DC 20332 under Contract
No. F30602-85-C-0008. This contract supports the Northeast Artificial Intelligence Consortium (NAIC). Additional
support was provided by the Tektronix Artificial Intelligence Marketing group in the form of a generous equipment

grant. ) 1
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1 Definition

What is ThinkerToy? Very briefly, ThinkerToy can be defined as a concrete modeling environment
for construction of reasoning tableaus for decision support problems. However, in order to fully
understand this capsule definition we need to elucidate each italicized term.

Management Activity
Type of Operational Management Strategic Support
Decisional Task Control Control Planning Needed
Structured Inventory Linear Programming Plant Clerical
Reordering for Manufacturing Location Systems
Semistructured Bond Setting Budgets Capital DSS
Trading for Advertising | Acquisition Anal.
Unstructured | Selecting a Cover Hiring a R&D Human
for TIME magazine Manager Budgeting Intuition

Table 1: A Framework for Decision Support Systems. Courtesy of: Addison-Wesley Publishing
Company [44, page 87]

1.1 Decision Support

Decision problems can either be thoroughly structured, unstructured, or a combination of the two
(Table 1) [44]. Well structured problems such as inventory reordering, equipment scheduling, cash
flow analysis, or meeting scheduling, are recurring problems that are largely clerical in nature. For
these problems there exist many computer algorithms and programs. For unstructured problems
such as hiring personnel or designing a corporate logo, computational support is impossible be-
cause the problems involve subjective intuitive evaluations. For semistructured problems such as
financial planning, upgrading manufacturing facilities, or architectural design, intuition is insuffi-
cient, yet there are no comprehensive solutions by computer programs. Programs may assist, but
comprehensive solutions are beyond simple computational techniques.

Semistructured problems require a decision support system (DSS). This system should provide
support for both elements of semistructured problems: structured and unstructured. It should
provide an environment for the decision maker to interactively analyze and explore a problem in
order to obtain insights. Also, it should supply quantitative data to validate any conclusions drawn.
The best environments for such tasks are modeling environments. With a model a decision maker
can obtain insights into the workings of his problem and, in addition, the model can be used to
produce quantitative results. However, the modeling technique that is chosen must be appropriate
for both the representation and the interactive analysis of semistructured problems.
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1.2 Symbolic Modeling

There are two basic methods for modeling decision support problems: symbolic models and concrete
models. A symbolic modeling technique, such as linear programming, uses symbolic or mathemat-
ical equations to represent a system. Analysis of symbolic models is performed by mathematical
procedures such as Simplex, sensitivity analysis, and dynamic programming. However, symbolic
models have difficulties in both the representation and analysis of semistructured problems.

First, it is necessary to force the model to fit within the bounds of a tool that is intended
for handling structured problems. Usually this means that one must translate the model into
mathematical formulae. Expressing the model in terms of arithmetic equations may cause incorrect
or inappropriate quantification of parts of the model. Auditorium design and the siting of nuclear
power plants, for instance, are two types of problems where major parts of the puzzle cannot be
encoded in terms of mathematical formulae.

Second, when the model is in a quantified form it is difficult to explore design alternatives. It is
usually difficult enough to keep track of these alternatives when one’s mental representation of the
problem and the model of the problem are the same. However, when the model is encoded symbol-
ically one must also worry about stray symbolic and computational effects which are extraneous to
the selection of a design alternative. In addition, each design alternative must be translated into the
symbolic model and the results translated back into the decision maker’s mental representation.
This double translation has been one of the major obstacles in the the use of analytic decision
methods.

Finally, symbolic models are simply inappropriate for solving problems with large visual com-
ponents. A traffic planner exploring traffic flow, a police superintendent planning police beats,
an architect designing physical plant floor plans, are all examples of semistructured problems that
have large visual components. It would be self-defeating to force such problems into non-visual
mathematical representations.

1.3 Concrete Modeling

Concrete modeling uses a graphic to represent a system. For example, a map can be used to
represent routing and spatial distribution problems. Concrete modeling is not the duplication of
a physical system in terms of a graphical diagram. In order to be useful, a concrete model must
extract the relevant features of a system into a concise graphical depiction. For example, the best
map is not one that is identical with the model. If one is lost in a forest, a map that showed you
exactly what you saw would be of little use. Instead, the best map is one that employs schematic
representations yet preserves most of the spatial components of the original. Therefore, the key to
producing quality concrete models is the use of concise graphic schematics.

Analysis of a concrete model involves spatial inference. The level of sophistication of the spatial
inferencing that is possible in a concrete model depends on the richness of the graphic representation
in that model. Spreadsheets, Simplex tables, and Karnaugh maps are grid based graphic repre-
sentations. They only permit spatial inferencing based on the placement and layout of symbolic
data. Line charts, histograms, and relational charts are two-dimensional graphic representations.
On these concrete models statisticians and stockbrokers can employ more sophisticated techniques
such as shape fitting and shape recognition. Terrain maps and thematic maps are multidimensional
graphic representations. On them one can analyze traffic flow, measure environmental impact, and
perform cost and risk assessment of large scale construction projects (e.g. dams, turnpikes, airports,
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etc.).

Concrete modeling is a very good technique for semistructured problems. For problems which
are inherently graphical and spatial there is a very close match between the users original mental
model and the concrete model. Even for non-visual abstract problems, if one can convert the
problem to a visual representation, the solution to the problem is easier to perceive. ‘

Admittedly, symbolic models have had advantages over concrete models — they have been
easier to computerize and consequently it has been easier to extract quantitative data from them.
As a result, they are much more common. However, recent technological advances have removed
the major implementation difficulties involved in concrete models. The availability of computerized
concrete models will ease the extraction of quantitative data and lessen the general bias against
the use of concrete models.

1.4 Reasoning Tableaus

A reasoning tableau is a graphical representation of a system (a concrete model) coupled with a
set of tools and operations. By means of these tools and operations a decision maker can visually
manipulate the information contained in the concrete model in a manner that assists the formation
of insights into DSS problems. Examples of paper and pencil reasoning tableaus include: ma-
trixes, Simplex tableaus, Pert charts, spreadsheets, and Karnaugh maps. Usually these tableaus
are used only for displaying data. However, clever people have discovered that they can also be
used for exploratory data analysis in semistructured problems. Graphic heuristics can be used in
Karnaugh maps to minimize gates, Simplex tableaus can be employed to explore the sensitivity of
a transportation network to shipping costs fluctuations, and spreadsheets can be tinkered with to
investigate investment strategies.

However, paper and pencil reasoning tableaus are very primitive. It is a very time-consuming
task to draw a graphic reasoning tableau. It is an even more tedious task to redraw the tableau
after the application of a spatial manipulation or analysis tool. Therefore most reasoning tableaus
are limited to grid based representations of information and vector operations.! ThinkerToy, on
the other hand, is an environment for constructing general purpose reasoning tableaus. ThinkerToy
can be used to create sophisticated multidimensional concrete models that employ rich graphical
representations of concrete and abstract information. To this has been coupled a wide variety
of sophisticated spatial manipulation tools. For example in ThinkerToy it is possible to create
decisions support environments for:

STOCKBROKERS: Stock market charts that a stockbroker can use curve fitting tools to in-
teractively fit head and shoulders curves.?

STATISTICIANS: Statistical charts which statisticians can use for factor analysis.

10r, in the case of more sophisticated concrete models such as terrain and thematic maps, the graphical manipu-
lation tools have have been restricted so that redrawing will not have to be done.

echnical analysts look for a three hump shape in stock price charts that rescmbles a head with a shoulder on
cach side. By fitting this shape to a stock price chart technical analysts can discover stock price trends that indicate
price breakouts [73,83]. The fitting of a shape is a task that involves human intuition and insight, since there is no
rule for the time span nor the nature of the shape involved. Therefore, a fixed mathematical test cannot be developed.
However, in ThinkerToy one can create a visual template and apply it to a range of stocks.
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CiviL ENGINEERS: Models of coastal plains and river deltas which can be flooded to determine
the effects of hurricanes and other storms.

AcousTIiC ENGINEERS: A model that simulates an orchestra hall and has tools for changing seating
layout, wall placement, and cooling system ducts — coupled with decibel
metering tools for determining the acoustic effect of any changes.

With spreadsheets one can perform simple arithmetic operations on columns and rows of data.
ThinkerToy, on the other hand, provides much greater power by allowing any graphic manipu-
lation, computation, or selection over any kind of visual representation of information. Within
the ThinkerToy environment it is easy to reproduce the functionality of simpler tableaus such as
Simplex, Karnaugh maps, spreadsheets, RESQ [59], Helix® [31], and Stella® [34].

1.5 ThinkerToy

To return to the original definition: ThinkerToy is a concrete modeling environment for construction
of reasoning tableaus for decision support problems. It is a decision support environment because it
is intended for exploring semistructured problems. It is a concrete modeling environment because
it employs concrete modeling techniques to depict decision support problems. And it is a reasoning
tableau because exploration and analysis of decision support problems is done by employing graph-
ical tools and operations that are visually and semantically coupled to a graphical representation
of the system.

These three descriptions: decision support environment, concrete modeling environment, and an
environment for the construction of reasoning tableaus constitute a capsule definition of ThinkerToy.
Within this definition there exist many subsidiary concepts. In order to grasp the scope and value
of the ThinkerToy approach it is necessary to identify these subsidiary concepts. For this more
comprehensive study, I refer the reader to my thesis [29). In this paper I will concentrate on the
description of one aspect of the ThinkerToy system, the ManiplIcon.

2 Manipllcons in ThinkerToy

ThinkerToy is 2 homogeneous object oriented system where every object is a graphical entity. But
this homogeneity goes beyond merely creating a picture world. Objects not only look concrete,
they also “feel” concrete. Every object is directly manipulatable [81,82). Together these objects
create a language. This is a language whose grammatical rules are formed by the tactile feel of
its constituents, and whose semantics and syntax are revealed by the visual metaphors it employs.
Thus, the very actions and verbs of the language are couched in visual manipulative metaphors.
This homogeneity extends from the very lowest to the very highest parts of the system:

0d Scalars: Tools for Trig functions, Log functions, detection, injection, and applying values.
1d Arrays: Tools for ripping out, injecting, and overlaying values on the face of tabular data.
2d Charts: Tools for shape fitting, axis stretching, and extraction nets.

3d TerrainMaps: Tools for physical and pseudo-physical molding and growing of features on terrain
and thematic maps.
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The key construct for accomplishing this homogeneity are Panels (also referred to as Mani-
plicons). A Manipllcon is an active icon whose actions are invoked via manipulating it with a
mouse. There are Panels that represent a broad set of the basic Smalltalk object family: Integer,
Float, Symbol, Array, Form. There are also composite Panels that represent tools useful in building
tableaus: Scales, Charts, Thermostats, Buttons, ControlBoards, ControlPanels, Toolkits, etc.

Manipllcons carry out their actions via direct manipulation (via the mouse). I decompose direct
manipulation into two properties:

1. Visual Analysis Procedures (VAPs). One can apply a Manipllcon to another to carry out
analysis, e.g. A ruler over a map, A Least-Squares curve fitter over a Chart of data points,
an OperationPanel (LOG base 10) over a NumArray.

2. Scripts. VAPs correspond to the application of a tool, and a script to the characteristics
of how one “picks up and handles” the tool. Scripts are a language for mouse interaction.
Activities such as dragging, picking, lassoing, stretching, are handled in a generic manner via
scripts.

Another way to explain the ManiplIcon metaphor is by the Toolbox analogy. In a toolbox one
has hammers, screwdrivers, pliers, saws, bevels, grouters, paintbrushes, etc. In order to use a tool
one must pick it up and adjust it, then apply it to an object. The pick-up and adjust operation
corresponds to a script. An example of this is the picking up and adjustment of a vise-grip wrench.
The visual application phase would correspond to the actual act of beveling, painting, or loosening.

3 Examples of Manipllcons in ThinkerToy

Four environment domains have been built in ThinkerToy. Perhaps none of them are extensive
enough to form a comprehensive tool for true professional decision makers. However, they do
form a kernel of and environment which a team of domain experts at an OEM3 could build a
comprehensive support environment. The four graphic tableaus are:

Array: A tableau for storing a group of panels. They can be NumberPanels, TextPanels,
Charts, Maps, etc. This tableau was created largely as a tutorial. Both to intro-
duce a user to ThinkerToy and to explore a straight forward implementation of a
spreadsheet using the ManiplIcon metaphor.

Chart: A tableau for the analysis of 2-Dimensional data. This domain served as the be-
ginning of an exploration of the use of spatial analysis to explore data structure.
There are spatial tiling tools, regression analysis filters, shape fitting tools for least
squares analysis, and semantically active nets for extracting data by attribute.

TerrainMap: A tableau for the analysis of 3-Dimensional data. This domain attempts to show the
advantages of spatial analysis techniques. There are tools for distance (rubber rulers
for as-the-crow-flies, as-the-crow-walks, as-the-tired-hiker-walks), radiation (visible
features), growth (crystal growth based map contents), differentiation (slope, ve-
locity gradient), and stream (steepest downhill path).

31t seems that in an attempt to hide past sins OEMs (Original Equipment Manufacturers) have started to call
themselves VARs (Value Added Retailers).
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Figure 1: NumArray
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Figure 2: Toolkit

DataFlow: A tableau for flow rate problems and modeling ThinkerToy code graphically. Tele-
phone network queuing, chemical rate functions, data-flow in satellite signal pro-
cessing, data-flow in a computer, or data-flow in an a packet delivery system. This
tableau is related to commercial products such as: Stella® (34], XA-1000 [79], and
BTL’s Performance Analysis Workstation [62].

3.1 ArrayPanels

The simplest way to use an ArrayPanel is to store things such as numbers (fig. 1) or tools (fig. 2).4
To manipulate a panel one must mouse it and ask for its ControlPanel (fig. 3).

Before we go further with this description, it is necessary to introduce some terminology and
fill in some background. Every object in the ThinkerToy system is a subclass of Panel. Panel
implements the basic functionality of a ManiplIcon. New panels are created by using an old panel
as a template and adding new subPanels. To manipulate a panel we bring up a ControlPanel. The
ControlPanel has three parts: a tableau (the object being manipulated), a standardControlBoard

(a set of standard operation buttons below the tableau) and a mainControlBoard (object specific
operation buttons next to the tableau).’

*Actually the Toolkit has two arrays, a bottom row of bins and a top row of binNames.

°It is only a minor implementation limitation that prevents having more that two ControlBoards. Ideally, one has
a ControlBoard for each category of messages, and can shuffle through them.



ManiplIcons in ThinkerToy Page: 7
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Figure 3: ControlPanel for NumArray
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A Button, (fig. 4) describes the VAP and the script. Tlu.:m are tjavo ways tq d(fscribe 1.,he
operation of a Button. Using the toolbox metaphor, each script des.cnb'es’a tactlle. interaction
scheme for picking up and handling the tool. The VAP describes the mtrms.xc operation tl.la.t the
tableau is to perform. When a button is pressed the script is invoked to pick up and adjust an
accessory tool that will then be used to perform the VAP.

\\

ButtonPanel

#borderwidth:

#valueScript:prompt:
[view borderWidth] #portrait
Width of border for Panel 0 10

Figure 4: ButtonPanel

At the semantic level, viewing ThinkerToy as a graphical object oriented language, the VAP
is the method selector and the script is the means for selecting the arguments. Just as in normal
languages actual arguments will vary from call to call, so do script interactions allow one to indicate
and vary the passing of arguments.®

We can now return to the discussion of ArrayPanels. The ArrayPanel domain was intended to
serve as a tutorial for both me and the user of the ThinkerToy system. It provides a container for
a sequence of objects and a tableau for applying a tool over this sequence. Since the Smalltalk
methods: collect:, inject:into:, detect:, and select: create strong visual images of tools operating
over a collection, I decided to implement these as the VAPs’ of a ArrayPanel (fig. 5). Figure 6
shows a few of the kinds of accessory tools one can apply over an ArrayPanel. Continuing in this

manner several ArrayPanels can be cascaded together to produce a spreadsheet. The advantages
to this approach to spreadsheet making are:

e One can fill in the cells with any sort of nonhomogenous objects (pictures, arrays, lists,
buttons, ControlPanels, etc.).

SThese two levels of metaphor are only indications of deeper and more pervasive structure and layering within
ThinkerToy. Another parallel metaphor is represented by the ControlBoard. Each ControlBoard acts as category of
methods of the Smalltalk browser.
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NumArrayControlBoard

Figure 5: ControlBoard for NumArray

UnaryOperationPanel
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BlockPanel l f RandornGenerator

item | item > 10] %I

Figure 6: Tools that operate on Arrays
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o Sprcadsheets are basically limited to a few fixed functions. In this scheme newly innovatfz(l
tools can be applied to the spreadsheet as they are thought up. As a consequence of this,
if the cells are made to represent pixels and the tools are the MacPaint® paintCans and
sprayCans then the ArrayPanel tableau becomes a bitmap editor like MacPaint®.,

e Spreadsheets are still limited in their ability to deal with data in a physical manner. A
ManiplIconic spreadsheet can provide lassos, content sensitive overlays, and other objects
which can take advantage of spatial structure of gridded data.

However, I tend to view spreadsheets as a fairly mundane environment for attempting to create
concrete models and graphical manipulations. Therefore in this implementation Ilimit ArrayPanels
to one dimensional operations, and use Charts for two dimensional modeling.

3.2 Charts

A Chart is a tableau for displaying and analyzing two dimensional data. The markers on a chart
(data points) can be any object with any number of attributes. However, when they are placed on
the chart two attributes are selected for the z and y coordinates. Consequently, charts are a kind
of graphic relational database that have VAPs for joining and projecting. Charts can be used in
Cartesian or polar modes and thus they can be applied to simultaneously show a star chart and
elliptical orbits of the planets. However, the main illustration of chart power comes from exploring
graphic VAPs for statistical analysis.

Multi-variate statistical analysis involves looking for trends, coherences, and structure in data.
Recently, researchers such as John Tukey [35,92] and Edward Tufte [89,90,91] have been actively
involved in advancing the graphic tools of statisticians. Constructs such as box-plots (fig. 7) [16]
can graphically reveal the structure of data.

My chief aim has been to try and turn these constructs for graphical annotation into a kind
of physical tool for exploring data structure. In figure 8 there are tools for fitting shapes (least
squares, lowess) grabbing percentile chunks of data, spreading content sensitive nets (e.g. pull out
all class M stars), and filtering out structure (e.g. regression analysis). In addition, the axes of a
chart are composed of ArrayPanels so that one is able to apply OperationPanels such as Log to
produce log charts.

This last example brings out two important points. First, the components of ThinkerToy are
meant to serve as the primitive objects of larger constructions. Charts themselves are later used
as metering devices in DataFlow models. ThinkerToy is a kind of TinkerToy for professionals to
explore and discover. Second, since ThinkerToy is a tool for decision support - the ability to explore
and discover facts in an extemporaneous manner is crucial. When Johannes Kepler discovered that
T3 = R? he did it by pouring through the tables of Tycho Brahe’s observations. In ThinkerToy
one would grab a star chart, pull off the planets, project them by their orbital radius and period of
revolution on another chart, then cube root one axis and square root the other to observe the data
structure. Further data structure could be revealed by regression analysis.

3.3 TerrainMaps

In civil engineering, landscape architecture, and regional government problems arise that involve
logistic planning, water resources, land use planning, traffic flow, etc. All these problems are
multidimensional problems with strong spatial and graphic components.
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Figure 7: Tukey Whisker Box (box plot)

TerrainMaps (fig. 9) provide a reasoning tableau for modeling terrain (height) pseudo-terrain
(cost-height, velocity-height, noise-height) and thematic features (water, soil composition, forest,
roads). While many different kinds of tools can be created to explore problems in this domain, I
chose to implement those that inspired images of spatial manipulation and molding (fig. 10). Some,
such as spread distance, rubber rulers, differentiating height and velocity slopes, and draining to
find optimal path density are inspired by MAP [8,88]. Others, such as crystals that grow context
sensitive features and graftals were inspired from other sources [85]. Some arose spontaneously
from my exploration of terrain models. This was the case with Vehicles. I began to realize that it
would be nice to have some sort of programmatic control of crystal growth. With a set of scripts
one loads the vehicle with some feature paint (e.g. road), attaches headlights (convolution sensors
for heading, slope, feature density), and installs a driver (to weight the sensors and establish an
end condition). The result is a tool for exploring road construction based on maintaining bearing,

elevation, or cost.
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Figure 8: Chart

3.4 DataFlow

ThinkerToy is an environment where all components of the system are accessible and use the same
graphic metaphor. Thus, the code that implements the various VAPs also has a representation in
terms of graphic tableaus. In addition, the same tableau can be used to represent flow models.
Examples of flow models are: traffic light queues, file servers, chemical rate functions, packet
delivery systems, and supermarket queues.

In a flow model (fig. 11) each CommandButton (the disk with two black wedges) takes a method
selector and its arguments, sends it to an object and returns the result. CommandButtons can
either have explicit numerical sequence or operate on data availability (data flow). The result is a
kind of graphical object oriented language.” In this example we have three deli counters and four
checkout counters acting as servers. Each one has a service queue protected by monitors. In figure

"Though it is very simple, and while many improvements could be made, there is some very interesting power
in this model. One can see the entire flow of execution and can interrupt, explore and modify (via ControlPanels)
any level of the code, just like the Smalltalk inspector and debugger. Furthermore, even though this is a level of the
system intended for expert craftsmen who build new environments and not decision makers themselves, even at this
level one is dealing with the same graphic language and not some implementation language such as Lisp or Smalltalk.
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ValleyMap-ControlPanel

Figure 9: ControlPanel for TerrainMap of Pioneer Valley, MA
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Figure 9: ControlPanel for Terrain Map of Pioneer Valley, MA



ManiplIcons in ThinkerToy

Page: 14

= it
£ RoadPaintCan = :

&

#roadPaint:onCell:

&

#pourWaterOn:

#thamaticMap

#bearingAt:

#slopeAt:

ullh' i

#weightedDistance

#treesAt:

#slopeAt:

#rangeAt:

#slopeAt:

Figure 10: Tools for operations on TerrainMaps



ManiplIcons in ThinkerToy Page: 15

Figure 11: SuperMarket with express checkout
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12 there is a barber shop where the servers are protected by the monitors and we are using a chart
as a strip chart data recorder.

4 Conclusions & Analysis

The ThinkerToy implementation consists of four tableaus. This kernel is meant to form the foun-
dation for constructing large systems. Interesting applications begin to occur when one creates a
FlowModel, instruments it with charts as meters, collects data from experiments, uses the chart to
perform statistical analysis, and then performs iterative changes via arrays. Only when one begins
to use all components together and then produces hybrid models from this base, does the power of
the ThinkerToy environment become apparent.

There remain many areas for further research. However, it is useful to also look backwards and
identify areas for improvement.

One problem seems to be the use of buttons for invoking operations. This seems to limit the
spontaneity of the interface and probably is not much of an improvement over pull down menus.
While it served well as an implementation compromise, the original ThinkerToy plan called for a
rigorous characterization of the grasping and manipulations that one can simulate with a mouse.
These actions (grasp, drag, stretch, rub) would be used to directly indicate the manipulation being
performed.

On the positive side, ThinkerToy has the ability to capture the functionality of the rapidly
growing market of graphic tableaus. Within the ThinkerToy environment one can simulate the
interface and function of Odesta Helix® [31], MacPaint®, spreadsheets, RESQ [59], ARK [87],
MAP (8,88], Stella® [34], PAW [62], and XA-1000 [79]. While the interface may not be as carefully
tuned as these fixed function tools, it is certainly comforting to find that one could replicate the
functionality of a tool such as RESQ in one week.
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